Phosphonate monoesters with the general structure: RCONH are inhibitors of representative class A and class C f,-lactamases. This result extends the range of this type of inhibitor to the class A enzymes. Compounds where X is an electron-withdrawing substituent are better inhibitors than the unsubstituted analogue (X = H), and enzyme inhibition is concerted with stoichiometric release of the substituted phenol. Slow turnover of the phosphonates also occurs. These observations support the proposition that the mechanism of action of these inhibitors involves phosphorylation of the ,-lactamase active site. The inhibitory ability of these phosphonates suggests that the ,J-lactamase active site is very effective at stabilizing negatively charged transition states. One of the compounds described also inactivated the Streptomyces R61 D-alanyl-D-alanine carboxypeptidase/transpeptidase.
INTRODUCTION
The resistance of bacteria to fl-lactam antibiotics is largely due to their ability to produce protective enzymes, the /3-lactamases, which catalyse the hydrolysis of ,6-lactams [1, 2] . The clinically important ,l-lactamases (of classes A, C and D, defined by amino-acid-sequence similarity [3] ), are serine enzymes, i.e. they employ a serine hydroxy group as the primary active-site nucleophile, and catalyse f6-lactam hydrolysis by a doubledisplacement mechanism involving an acyl-enzyme intermediate [4] . It has been shown in this laboratory that depsipeptides of structure 1 are also ,-lactamase substrates [5, 6] and, on this basis, the phosphonate monoester 2 was designed and found to be a fl-lactamase inhibitor [7] . Compound 2, however, appeared to have specificity limited to a representative class C fl-lactamase and have no effect on class A /-lactamases. We show here how Since an alkyl phosphonate analogous to 2 failed to inhibit either class A or class C enzymes [7] , we surmised that the limited specificity of 2 might derive, in part at least, from too poor a leaving group (m-carboxyphenoxide) for the reaction of eqn. (1).
Thus compounds 3 and 4 were prepared and tested for ,-lactamase inhibitory activity. O>NOR"(CO2-) The phosphonates were prepared by trichloroacetonitrilemediated condensation of phenols with phenylacetamidomethylphosphonic acid and chromatographically purified as described elsewhere [8] .
Analytical and kinetic methods
Concentrations of the various enzymes were determined spectrophotometrically by employing absorption coefficients from the literature, as previously listed [6, 9] . Concentrated stock solutions of the phosphonates were prepared in water. Since the phosphonate salts were hygroscopic and could not be accurately weighed out, phosphonate concentrations were determined from the absorption of the phenoxides after complete hydrolysis in J. Rahil and R. F. Pratt hydroxide-ion solutions. Absorption coefficients of the relevant phenoxides were determined from the absorption of solutions prepared from purified phenols.
All inactivation kinetics were carried out in 20 mM-Mops buffer, pH 7.5, and 25 'C. The changes in ,6-lactamase activity against benzylpenicillin (determined spectrophotometrically at 232 nm [10] ) with time after addition of a small portion of a phosphonate solution to a ,-lactamase solution were determined. Final concentrations of phosphonates were much greater than those of the enzymes. Pseudo-first-order rate constants were obtained from semilogarithmic plots. The activity of the R61 transpeptidase/carboxypeptidase was determined against hippuryl-DL-phenyl-lactate [6] .
Direct observations of the release of p-nitrophenoxide on reaction of the phosphonates 3c and 4 was made spectrophotometrically at 400 nm. This data was fitted by a non-linear leastsquares procedure [11] weak, just as had been previously observed for 2 in the inhibition of the class C Enterobacter cloacae P99 /J-lactamase [7] . On this basis, second-order rate constants, ki, were obtained from the slopes of linear plots of the pseudo-first-order rate constants versus inhibitor concentration and are reported in Table 1 .
The general order of effectiveness of 3 and 4 was thereby 4 > 3d > 3c > 3b > 3a. This result for the latter three compounds suggests that the leaving-group ability does correlate with inhibitor effectiveness, as might be anticipated for the phosphonylation mechanism of eqn. (1) . It is also now clear that the carboxylate group of 2 is not essential for inhibition, although it may still facilitate binding in some cases and dictate specificity; the latter is indicated by the ineffectiveness of 2 against the class A ,-lactamases, although its leaving group is comparable with that of 3a. The absence of the carboxylate may change, and perhaps improve, the permeability of these compounds through the outer membrane of Gram-negative bacteria. These points need further investigation.
Direct evidence that eqn. (1) applied to these inhibition reactions was supplied by the observation that, as with 2 and P99 enzyme [7] , a burst of phenol accompanied enzyme inactivation. Fig. 1 shows stoichiometric release of p-nitrophenoxide on reaction of 4-with B. cereus ,6-lactamase I. This data was fitted to eqn. (2) as described in the Experimental section. The rate constant for p-nitrophenoxide release (ki = A/Io = 0.39 s-1 M-1 from the data of Fig. 1 , where Io is the initial phosphonate concentration) was closely similar to that for loss of f8-lactamase activity (0.32 s-I M-1 from Table 1 ), which also supports eqn. (1) as the mechanism of inhibition. Similar bursts were observed on reaction of 4 with the PCl and TEM enzymes, and with the inhibitor 3c. These compounds, or more strongly chromophoric or fluorophoric analogues, may be useful as active-site titrants for fl-lactamases.
It is noticeable in Fig. 1 Fig. 1) . A weak phosphonatase activity of the P99 ,-lactamase against 2 has previously been noted [7] . The normal substrates [12] and of phosphonate monoesters (6); in 6, the numbering system of Ambler [3] is employed, and the general-base role of Glu-166 is speculative [12] . Also present to stabilize the fl-lactamase transition state, and presumably also 5, are an oxyanion hole [9, 13] , the z2-helix macrodipole [13, 15] and, perhaps, Arg-244 [15] . Second-order rate constants for cleavage of p-nitrophenyl methylphosphonate at 25°C by water and by hydroxide ion can be estimated from the data provided by Edwards and co-workers [16] has stabilized the transition state by 63.5 kJ mol-1 (15.2 kcal mol-1) or 30.5 kJ mol-1 (7.3 kcal mol-h) respectively. The phosphonate 4 was also a weak inhibitor (k1 = 0.07 s-5 M-') of the Streptomyces R61 D-alanyl-D-alanine carboxypeptidase/transpeptidase, a model enzyme for the bacterial cellwall cross-linking enzymes [17] . Thus phosphonate antibiotics may be possible.
